We study Radiative Electroweak Symmetry Breaking in the Minimal Supersymmetric Standard Model (MSSM). We employ the 2-loop Renormalization Group equations for running masses and couplings taking into account sparticle threshold effects. The decoupling of each particle below its threshold is realized by a step function in all one-loop Renormalization Group equations (RGE). This program requires the calculation of all wavefunction, vertex and mass renormalizations for all particles involved. Adapting our numerical routines to take care of the succesive decoupling of each particle below its threshold, we compute the mass spectrum of sparticles and Higgses consistent with the existing experimental constraints. The effect of the threshold corrections is in general of the same order of magnitude as the two-loop contributions with the exception of the heavy Higgses and those neutralino and chargino states that are nearly Higgsinos for large values of the parameter µ.
Introduction
The low energy values of the three gauge coupling constants known to the present experimental accuracy rule out the simplest versions of the Grand Unified Theories.
In contrast, supersymmetric unification, in the framework of Supersymmetric Grand Unified Theories [1] [2] , is in excellent agreement [3] with a unification energy scale M GU T within the proton decay lower bounds. Moreover, softly broken supersymmetry, possibly resulting from an underlying Superstring framework, could lead to SU(2) L × U(1) Y gauge symmetry breaking through radiative corrections for a certain range of values of the existing free parameters [4] . In such a scenario the elegant ideas of Supersymmetry, Unification and Radiative Symmetry Breaking are realized within the same framework.
The Minimal Supersymmetric extension of the Standard Model (MSSM) [1] incorporates all the above. Due to its minimal content and the radiatively induced symmetry breaking it is the most predictive of analogous theories.
As in the numerous [5] [6] existing analyses of radiative symmetry breaking in the MSSM, in the present article we employ the Renormalization Group. The Higgs boson running mass-squared matrix, although positive definite at large energy scales of the order of M GU T , yields a negative eigenvalue at low energies causing the spontaneous breakdown of the electroweak symmetry. The "running" of mass parameters from large to low scales is equivalent to computing leading logarithmic radiative corrections. Although this scenario depends on the values of few (3 or 4) free parameters, one could interpret it as leading to the prediction of M Z in terms of M GU T , or the Planck mass, and the top quark Yukawa coupling. Another way to interpret the predictions of this model is to consider M Z determined in terms of the supersymmetry breaking scale. The analysis of the results helps us find out to which extent the low energy data can constrain the type and scale of supersymmetry breaking.
The purpose of the present article is to include in the above stated scenario the so-called low-energy "threshold effects". Since we have employed the DR scheme in writting down the one-loop Renormalization Group equations, which is by definition mass-indepedent, we could "run" them from M GU T down to M Z without taking notice of the numerous sparticle thresholds existing in the neighborhood of the supersymmetry breaking scale near and above M Z . This approach of working in the "full" theory consisting of particles with masses varying over 1-2 orders of magnitude has to overcome the technical problems of the determination of the pole masses. Our approach, also shared by other analyses, is to introduce a succession of effective theories defined as the theories resulting after we functionally integrate out all heavy degrees of freedom at each particle threshold. Above and below each physical threshold we write down the Renormalization Group equations in the DR scheme only with the degrees of freedom that are light in each case. This is realized by the use of a theta function at each physical threshold. The integration of the Renormalization Group equations in the "step approximation" keeps the logarithms ln( m µ
) and neglects constant terms. The physical masses are determined by the condition m(m phys ) = m phys which coincides with the pole condition if we keep leading logarithms and neglect constant terms. The great advantage of this approach is that the last step of determining the physical mass presents no extra technical problem and it is trivially incorporated in the integration of the Renormalization Group equations.
The softly broken Minimal Supersymmetric Standard Model
The superpotential of the minimal supersymmetric extension of the standard model,
(ǫ 12 = +1) in terms of the quark Q(3, 2, 1/6), 1, 1, 1) and Higgs H 1 (1, 2, −1/2), H 2 (1, 2, 1/2) chiral superfields. We have suppressed family indices. The second Higgs doublet H 2 is necessary in order to give mass to the up quarks since the conjugate of H 1 cannot be used due to the analyticity of the superpotential. It is also required in order to cancel the new anomalies generated by the fermions in H 1 . Note that the superpotential (1) is not the most general at by a straightforword supersymmetrization of the standard three Yukawa interaction terms. It possesses an anomalous R-parity broken by supersymmetry-breaking gaugino masses down to a discrete R-parity which ascribes -1 to matter and +1 to Higgses. There is also an unwanted continuous PQ-type symmetry leading to an observable electroweak axion which is broken by the last term in (1) . This term introduces a scale µ which has to be of the order of the soft supersymmetry breaking scale in order to achieve electroweak breaking at the observed M Z value. Although it appears unnatural that the scale of breaking of a PQ symmetry should be related to the supersymmetry breaking, there exist schemes based on an enlarged framework (extra fields or non-minimal supergravitational couplings) that lead to dynamical explanation of the order of magnitude of the scale µ [7] .
The fact that supersymmetry is not observed at low energies requires the introduction of extra supersymmetry breaking interactions. This is achieved by adding to the Lagrangian density, defined by the given A dramatic simplification of the structure of the supersymmetry breaking interactions is provided either by Grand Unification assumptions or by Superstrings. For example, SU(5) unification implies at tree level mQ = mŨ = mẼ, mL = mD , M 1 = M 2 = M 3 and SO(10) unification implies further equality of all sparticle masses, equality of Higgs masses and equality of the three types of cubic couplings. The simplest possible choice at tree level is to take all sparticle and Higgs masses equal to a common mass parameter m o , all gaugino masses equal to some parameter m 1/2 and all cubic couplings flavour blind and equal to A o . This situation is common in the effective Supergravity theories resulting from Superstrings but there exist more complicated alternatives. For example Superstrings with massless string modes of different modular weights lead to different sparticle masses at tree level [8] . The equality of gaugino masses can also be circumvented in an effective supergravity theory with a suitable non-minimal gauge kinetic term [9] . Note however that such non-minimal alternatives like flavour dependent sparticle masses are constrained by limits on FCNC processes. In what follows we shall consider this simplest case of four parameters m o , m 1/2 , A o and B o .
Radiative corrections and symmetry breaking
The scalar potential of the model is a sum of three terms, being the contribution of F-terms,
The angle β is defined as β = tan −1 (υ 2 /υ 1 ) in terms of the Higgs v.e.v.'s
The masses appearing in (8) and (9) are defined as
All parameters are Q-dependent.
M Z denotes the Z -boson pole mass M Z = 91.187GeV , and the ellipses are higher order corrections. Note also that in our convention µB has the same sign with m
We shall assume that at a very high energy scale M GU T the soft supersymmetry breaking is represented by four parameters m o , m 1/2 , A o and B of which we shall consider as input parameters only the first three and treat B(M Z ) as determined through equation (9) . Actually we can treat β(M Z ) as input parameter and both B(M Z ), µ(M Z ) are determined by solving the minimization conditions (8) and (9), with the sign of µ left undetermined. The top-quark mass [11] , or equivalently the top-quark Yukawa coupling, although localized in a small range of values should also be considered as an input parameter since the sparticle spectrum and the occurrance of symmetry breaking itself is sensitive to its value.Thus, the input parameters are
Since radiative corrections are generally expected to be small with the exception of the contributions from the top-stop system, a reasonable approximation of (7) is
where we have kept only thet,t c and t contributions [6] [10] [12] . The field-dependent "masses" appearing in (12) are
where
Note that the use of the t-t contribution can be misleading in some cases due to large cancellations occuring with terms that are not included [Arnowitt and Nath in ref.6] .A complete analysis requires that the contributions of all sectors to the effective potential are duly taken into account.
The Renormalization Group and Threshold effects
Consider the Renormalization Group equation for a soft mass parameter derived in the DR scheme [16] 
This equation should be integrated from a superlarge scale Q = M GU T , where we impose a boundary condition m(M GU T ) = m o , down to any desirable value of Q. As we come down from M GU T as long as we are at scales larger than the heaviest particle in the spectrum we include in b contributions from all the particles in the MSSM. When we cross the heaviest particle threshold we switch and compute b in a new theory, an effective field theory [13] with the heaviest particle integrated out. Coming further down in energy we encounter the next particle threshold at which point we switch again to a new effective field theory with the two heaviest particles integrated out. It is clear how we procced from then on.
The change in the running mass parameter m at a particle threshold M in the above scheme comes out to be for m < M
where b + and b − are the Renormalization Group coefficients computed in the effective theories above and below the threshold respectively. Comparing (17) with the exact result obtained from the 2-point function associated with m we find that there is a finite non-logarithmic part that is missed by our approximation [14] . The further M and m are apart the better the approximation becomes.Of course, the great advantage of the approximation lies in the fact that it is done entirely at the level of the Renormalization
Group without the need to calculate the finite parts of n-point functions.
The Renormalization Group equation (16) referring to a particular running mass m(Q) is integrated stepwise in the above stated manner down to the physical mass corresponding to m(Q). The physical mass is determined by the condition m(m phys ) = m phys (18) Note that in the DR scheme the inverse two-point function corresponding to the running mass m(Q) will be at 1-loop of the general form
Imposing the condition (18) we see that the right hand side of (19) gives (c 1 + c
Thus, condition (18) coincides with the true (pole) condition for the physical mass only when the constant non-logarithmic contributions can be neglected.
In what follows we shall present the 1-loop β-functions of gauge and Yukawa couplings as well as those for the soft masses, cubic parameters A and quadratic parameters B and µ [15] . Note that the threshold corrections introduced in our approximation by the theta-functions at 1-loop are expected to be comparable to the standard 2-loop RG corrections. In our numerical analysis that will follow we shall employ the 2-loop RG equations which have not been presented here due to their complicated form but can be found elsewhere [17] . In our notation, for a physical mass M,
Also t stands for t = lnQ 2 and β λ ≡ dλ dt for each parameter λ. Note also that we assume diagonal couplings in family space.
The β-functions for the three gauge couplings are
The coefficients b i are 33 5 ,1,−3 respectively.
Keeping the Yukawa couplings Y t,b,τ of the third generation fermions, the corresponding β functions are,
The threshold coefficients T i , T τ i , etc appearing in the expressions above are shown in Table I . We denote byG,W ,B the SU(3),SU(2) and U(1) gauge fermions respectively.
The β-functions for the cubic couplings are
In our notation θ ab ≡ θ a θ b and θ abc ≡ θ a θ b θ c . The coefficients Z qi are shown in Table II .
Next we procceed to the RG equations for the scalar masses. The RG equations for the sparticle masses refer to the third generation. For the other two generations the Yukawa couplings could be set to zero due to their smallness.
The quantity S appearing in the equations above is defined as
In the absence of the threshold effects this quantity is multiplicatively renormalized.
Therefore if it vanishes at the unification scale, due to appropriate boundary conditions, it vanishes everywhere and its effect can be ommited altogether from the RGE's. However in our case this does not any longer hold owing to its explicit threshold dependence and S starts becoming nonvanishing as soon as we pass the heaviest of the thresholds. For the Higgs and Higgsino mixing parameters m 2 3 ≡ Bµ and µ respectively we have,
Finally the beta functions for the three gaugino masses are
where b i are the beta function coefficients of the gauge couplings given earlier and S i are threshold function coefficients given by,
The dimensionful parameters, masses and cubic couplings, are meant to freeze out when the energy crosses below the mass scale associated with the heaviest particle participating. This can be implemented by multiplying the corresponding quantity by the relevant theta function. Thus for instance A t freezes out below the thresholds of eithert, ort c , or H 2 , whichever is the heaviest, and the associated theta functions should multiply the r.h.s of eq. (27). For simplicity of our notation we do not indicate that explicitly in the RGE's displayed in eqs. (25)-(38).
Formulation of the problem and numerical analysis
The problem at hand consists in finding the physical masses of the presently un- (8) and (9) at M Z , i.e. describe a low energy theory with broken electroweak symmetry at the right value of M Z ≃ 91.187GeV .
The boundary condition at high energy will be chosen as simple as possible, postponing for elsewhere the study of more complicated alternatives. Thus at the (unification) point M GU T , taken to be 10 16 GeV, we shall take
and
In addition we take equal cubic couplings at M GU T , i.e.
All our boundary conditions are family blind. We shall also denote with B o and µ o the boundary values at M GU T of the parameters B(Q) and µ(Q). This five parameters m o , m 1/2 , A o , B o and µ o are not all free due to conditions (8) and (9) which could be viewed as determining B and as trading µ for β ≡ tan
well as the sign of µ(M Z ) can be our free parameters.
Our set of constraints includes the low energy experimental gauge coupling values which we have taken to be [21] . The MS values for the couplings are related to their DR 1 ones through the relations
where C = 0, 2, 3 respectively for the three gauge groups. The unification scale M GU T is determined from the intersection of α 1 DR and α 2 DR gauge couplings and is found to be in the vicinity of 10 16 GeV.This value of M GU T is not easily reconcilable with the low energy value of α 3 quoted above and the universal boundary condition, as given in 1 Note that at the 2-loop order the DR scheme needs to be modified so that no contribution to the scalar masses due to the"ǫ-scalars" [18] shows up.
eqs.(42-44) if the effective SUSY breaking scale M S is below 1 Tev [22] If we treat the low energy value of α 3 as an output we find it to be ≥0.125, i.e slightly larger than the most favourite experimental value quoted previously with a tendency to decrease as M S gets larger than ≥1 Tev.Our interest in this paper is mainly focused on the mass spectrum and on the effect of the mass thresholds to it.The subtle issue of the gauge coupling unification in conjuction with the small value of α 3 shall be addressed to in a forthcoming publication. In the course of our numerical computations we allow for switching off the effect of the the thresholds from masses and cubic couplings involved.
In this way we can compare the predictions for couplings and pole masses in the two cases i) With all thresholds present in both couplings and dimensionful parameters and ii) thresholds appearing only in gauge and Yukawa couplings. The latter case has already been considered by several groups. Although the difference is expected to be small only case (i) represents a consistent prediction of the spectrum, together with α GU T and M GU T , in the framework of the leading logarithmic approximation. 
These are evolved up to M Z according to the SU c (3) × U em (1) 
The recent evidence [11] for the top-quark mass has motivated values for M t in the neighborhood of 176 ± 8 GeV.
In our numerical procedure we follow a two loop renormalization group analysis for all parameters involved, i.e couplings and dimensionful parameters, v.e.v's included. We 
Running down from M GU T to M Z the trial input value for α 3 has now changed. This procedure is iterated several times until convergence is reached. In each iteration the values of B, µ, which as stated previously are not inputs in this approach, are determined by minimizing the scalar potential. For their determination at the scale M Z we take into account the one loop corrected scalar potential. This procedure modifies the tree level
It is well known that the value of µ affects the predictions for the physical masses especially those of the neutralinos and charginos. In approaches in which the effect of the thresholds is ignored in the RGE's the determination of B, µ is greatly facilitated by the near decoupling of these parameters from the rest of the RGE's.
However with the effects of the thresholds taken into account such a decoupling no longer holds since the thresholds themselves depend on B, µ, or equivalently on µ, m for the neutral pseudoscalar Higgs A, and
for the two neutral scalar Higgses h and H. The charged Higgs has a tree level mass
As is well known, the 1-loop radiative corrections, mostly due to the large value of the top Yukawa coupling, are important for the Higgs masses. Following
an approximation that has been tested in the literature [10] , we have computed the Higgs mass eigenvalues based on the 1-loop effective potential (12) , where the dominant third generation contribution has been kept.
The radiative corrections to the pseudoscalar and charged Higgses are known to have an explicit dependence on the scale Q which cancels against the implicit Q dependence of the mixing mass m issue is under investigation and the results of this analysis will appear in a forthcoming publication [20] .
Conclusions
We have displayed some of our results in tables III to VIII. In all tables we have In [19] due to the fact that µ(M Z ) turns out to be significantly heavier than M Z .
As is apparent from the results displayed in tables IV to VI the value of the strong coupling constant has the tendency to decrease with increasing the supersymmetry breaking scale. In the table IV for Higgses are concerned from the discussion in the previous section it is evident that this discrepancy is due mainly to the evolution of m the predictions for the heavy Higgses spectrum of the two approaches at hand can be made. At any rate the rather large differences seen in some particular cases point to the fact that a more refined analysis of the radiative effects to the Higgs sector is needed which also takes into account of the contributions of the gauginos and not just those of the heavy quarks. We have undertaken such a calculation and the results will appear in a future publication [20] . Table Captions   Table I : Threshold coefficients appearing in the renormalization group equations of the gauge and Yukawa couplings. Above all thresholds these become equal to unity. and for values of m 1/2 ranging from 75GeV to 700GeV (µ > 0). and for values of A o 0, ±300, ±800 GeV (µ > 0). 
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